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ABSTRACT

Effler,S.W.,S. M. O'DonneD.D. A. MaIdIewI, C.M. Malthews,D. M. O'Donnell, M. T. Auerand E.M. Owens. 2002.
Limnolocical aDd ~ ~ and a phospboNi total maximum daily load (TMDL) analysis for
Ooondaga Lake. 1* 1..1 Rescn. Mamge. 18 (2): 87-108.

The pbOSphonH (P) tolal _winw- ctai1y load (TMDL) aoalysil and associated manacement plan for culwnUy
eutrophic Onondaga Lake. NY. areailic3Bynaluated baled on avaUabie input/discharge and limnological infonnation
for the system. The evaluation is t8ed ~ (1) results from a long-tenn monitoring program conducted on Ihe lake. ill
tributaries. aM the adpining n-- tba1 ~ the lake's outflow. (2) algal bio_ay experiments of the IXoavaiaWty
of ~le P (PP) in inputs to -I*. (') loading rate calOJiatiom for fom8 of P in these inputs. (4) calculatiom of
water demities in iotlows and the lake. (5) model analyses of plunging intertloWi and responses to seasonal material
loading. and (6) mall balance cataaliDmilralracer conducted around the 1ake outlet and the receiving river to estimate
inflow to the lake from the river. ~ imponaD1 system4peciflC dlaracteristia were four¥! DOt to be accommodated
in the aJrrent TMDLaoalysis. ~(1)aPloadfrom the river back. into the lake. (2) seMOnal plwJlinl of triwtarles
to depths below the productivelaJenof_lake.(5)incompleteand different bioavailabilities ofPP in the various inputs,
(4) the different setding velocilD ~ PP (n)m lfIese sources. (5) false high ~timat~ of TP loading from tributari~
_odated with wrbidityintt;.-ft;.~iDP-ayses.and (6) theimplicatlom of the high flushing rate of the lake forstroDI
seasonality in the relative impxa a{ ~ loads. The nmL analysis is demomuated to undentate the present role
of the dominant point source aIM! -- the importance of OOD1!Oint sou~es. Recommendations are made to
upgrade the TMDL analysis ~ Xi 8Ife&ra1ed propm of model development, taring and appliation. supponing
process stUdies and ~nitorinc.'" ~n of maoagement options.
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The nec~sary quantitative linkage betWeen exter-
nalloads and receiving water concentrations ofa pollut-
ant in a TMDL analysis is an appropriate mathematical
model. The model should represent a synth~is of die
understanding of the system and the behavior of die
constituent, and therefore the r~ults of supporting
monitoringand related scientific ( e.g., process) studies
(Thomann and Mueller 1987, Chapra 1997). Further,
dle model's structure should be consistent widl the for-
mat of dle standards (USEP A 1991 b); e.g., appropriate
r~olution in time and space.

Despite major advancements in the removal of
phosphorus (P) at wastewater treatment plants
(WWfPs) and control of non-point sources ofP over
the last several decades (Metcalf and Eddy, Inc. 1991,
Cooke et aI. 1993), numerous lakes and reservoirs con-
tinue to suffer water quality impacts of cultural eutro-
phication driven by excessive P loading. This paper
reviews salient features of a TMDLanalysis and r~ulting
management plan for P for a culturally eutrophic
urban lake. The TMDL analysis and management plan
for the lake are critically evaluated within the context
of their consistency with available tributary/discharge
and limnological information for the system. This case
study is valuable not only because of the great challenge
to rehabilitation offered by this extremely degraded
system, but also because issues of broad concern are
addressed, including: (1) contrasting bioavailability of
different P sourc~, (2).the importance of considering
all sources, (3) the occurrences and implications of
input(s) entering as an underflow(s) (i.e., entry into
sub-surface layers ofalake), (4) heterogeneity in origins,
character, and distribution of P sources, and (5) the
effects of th e magnitude and seasonality 0 flake tl ushing .

Effective integration oClimnoIogical information
into regulatory initiatives is important in developing
and executing strategies to rehabilitate im~ted lakes
and reservoirs (Cooke et aI. 1993). A primary vdricle
for this integration in the United States is the -total
maximum daily load- (TMDL) process, that has been
established by the U.s. Environmental Protection
Agency (USEPA 1991a) as a quantitative regulatory
framework to guide rehabilitative efforts to meet
standards in impacted sys~ms designated as -water
quality limited" (as per section 303d of the Federal
Clean Water Act). The TMDL is defined as thepollutant
loading rate (kg 'd-l) dIat wiD result in ~ being
met. The TMDL is d1e summation of three compon-
ents (USEPA 1991a): (1) Wasteload allocation (WLA;
kg.d-I), the portion oCthc loading capacity aDocated to
point source inputs, (2) l~d allOC3tion (u.; kg'd-l), the
portion of the 1 oading capacity attributed to Don-point
sources of pollution plus natura! background inputs,
and (3) margin of safety (MOS; kg.a!). The MOS is
intended to take into account any lack of knowledge
concerning the relationship between the loadings of
the pollutant and related features of receiving water
quality; e.g., uncertainties in estimates ofloads and the
supponing model analysis, and variations in ambient
conditions. The TMDL process advances earlier WL'\
programs (e.g., Thomann and Mueller 1987) by
integrating all sources within a W3tcrshed. as well as
MOS. A TMDL analysis is expected to accommodate
important system-specific characteristics, crirical en-
vironmental conditions, and recurring features of
seasonality (USEP A 1991a).

A number of factors influence the complexity and
outcome (i.e., rehabilitation costs) ofTMDLanaIyses,
including: (I) the identity and behavior of tbe target
constituent, (2) the magnitude am fonnat of the
standard, (3) the number and character of sources of
the constitUent in the target wa~rshed, (4) character-
istics of the receiving water system, (5) charaCteristics
and credibility of the scientific model, and (6) related
features of regulatory policy. The Ullder5taDding of
the behavior of various poD Utants raoses from poor to
good, often corresponding to theleveI of effondevoted
to related research. Slandards are eSlablished by the
states; these exist in numerk form for many pollutants.
Watershed situations vary gready in complexity; e.g"
from the simple case of dominance of loading of the
target constituent from a single point source, to signi-
ficant contributions from a number of point and nOD-
point sources. Despite eXtensive guXiance for rile con-
duct of the TMDLanaIym process (e.,.. USEPA 1991a,
1991 b, 1997), there remain discretionary components

(e.g., regulatory policy) that Can have important
implications for the owco~ of the anaiysisaOO !hereby
the success of related rehabilitation efforts.

Onondaga Lake and Inflows

Onondaga lake is located (lat. 43° 06' 54"; long.
760 14'34")inmecropolitanSyracuse,NY, in Onondaga
County{Fig. 1). The lake is analkalinedimictic system.
This lake has a volume of 131 x 10' m', a surface area
of12.0km%, a maximum depth of-20 manda watershed
area of 738 kin!. The lake fiushes rapidly (averag~ of
--4 times' y1, on a completeir-mixed basis), though
scrongseasonal and interannual variations occur (Effler
and Whitehead 1996). The lak~ discharges through a
singl~ oudet (1.9 km long, 4.5 m depth) to th~ Seneca
River (Fig. 1). Intrusion of Seneca Riv~r water into
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Figure 1. -Ouondaga Lake, sel~ triIxI1aries. Metro (WWTP). adjoining poniom of the Seneca River, and loDg-tertn monitoring sitcs.
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Ley Creek watershed is urban. Ninemile Creek is
bordered by waste beds associated with soda ash
manufacture over the lower 3 kmofthe stream (Fig. 1).
Both Ninemile Creek and Onondaga Creek have
unusually high salinities (S 0 / ~ Emer et aI. 1996c).
Most of the salinity in Ninemile Creek is a result of
residual ionic waste inputs from soda ash manufacturing
received in the lower reaches of the stream (Emer et aI.
1991, 1996c). TheelevatedS of Onondaga Creek large-
ly reflects ground water input of sodium chloride from
brine deposits in its watershed (Emer et aI. 1996c).

The Metropolitan Syracuse Wastewater Treatment
Plant (Metro) has been located on the southern shore
of Onondaga Lake, and has discharged in the adjoining
near-shoreareaofthelake(Fig.1),sincethe 1920s. The
existing Metro facility, operated by Onondaga County,
is designed to treat an average waste flow of80 MGD
(3.5 m' 'S.I). Metro presendy serves -300,000 residents
and a number of industries, and has an average dis-
charge of about 3.0 m' 'S'1 (68 MGD). The treated eff-

Onondaga Lake occurs duringcertainlowflowiotervaIs
(Owens and Effler 1996a). Hydrologic budgets (Effler
and Whitehead 1996; including the above flushing
rates) and mass balance models for the lake (FJl1er
1996) have generally ignored this inflow.

Three tributaries, Onomaga Creek, Ninemile
Creek. and Ley Creek (Fig. I), represent more than
85% of the total tributary flow (Table I; exclusive of
WWTP input and river intrusion). Onondag"d Creek
and Ninemile Creek are the largest tributaries, having
nearly equal watershed areas am average flow rates
(Table 1). The lower reaches of Onondaga Creek drain
a substantial portion of the City of Syracuse; -~ of
die creek's watershed drains this urban area. The
Syracuse sewer system has 66c~inedsewer over8ows
(CSOs; in 1998) diat discharge, mosdy to Onondaga
Creek, during high runoff intenals when the system' S
capacity is exceeded. Portions of me Onondaga Creek
watershed located upstream of the city (-80%) have a
rural setting (Fig. 1). Much of the lower portion of the
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Watershed
Area (kml)

% Contribution-
to Hydrologic Load

TP~
(kg. dot)

-~-
34.5

Source % Contribution
to Total TP Load

-298
229
69'
298
77

31.4 14

30.4
7.7
11.5
18.9

28.2

14.0

2.1

167.2 (16o-)
150.4

16.8 (9.6~)

246.4

6

1

68

65

Onondaga Creek
rural
urban

Ninemile Creek
Ley Creek
minor tributaries
Metro

shoreline
bypass

Total 738

luent enters the lake a a surface shoreline discharge.
A small fraction or - ditcharge from this WwrP
(-2%; as an annuala-.aage) irreguiarly enters the lake
at a depth of6 m tbar.has IJ,..passed full treatment, dur-
ing particularly Se'w:%r; nmoff ~vents (Effler 1996).
Metro presendy DJXes an extraordinary conaibution
to the total inflow to Onondaga Lake, approaching
20% of th~ aImual il6w on av~rag~; thu discharge u
usually th~ largest ~ sourc~ of water in August
(Eftler et aI. 1996a; Table I).

1996a, Matthews et al. 2001), (2) poor clarity, often
below the state swimming safety standard of 1.2 m
(Perkins and Effler 1996), (3) rapid loss of oxygen from
dte hypolimnion (Effler et ai, 1996a), (4) subsequent
accumulations of reduced by-products of anaerobic
metabolism(Effleretal. 1988, AddessandEmer 1996),
and (5) severe depletion of dissolved oxygen (DO) in
the upper waters during dte fall mixing interval assoc-
iated widt the oxidation of these constituents (EtHer
et aI. 1996a, Gelda and Auer 1996). A large fraction of
the lake's fish have been observed to migrate to the
Seneca River during the interval of depressed DO
(Tango and Ringler 1996).

Analyses of summertime water column conditions,
inclooing the concentrations of dissolved forms ofP,
cellular P pools, and phytoplankton biomass, over the
1989-1992 interval lead Connors et aI. (1996) to con-
clude that very litde nutrient limitation of phytoplank-
ton growth occurred in Onondaga Lake (i.e., nearly

nutrient-saturated). However, phosphorus is the
nutrient present in least quantities relative to algal
needs for growth, and is thus the appropriate target for
management (Auer et al. 1990, Connors et al. 1996).
The summeraverage epilimnetic total P (TP) concentra-
tion ranged from 56 to 76 IJg' V for dtese four years
(Connors et aI. 1996), levels representadve of high
degrees of eutrophy (Vollenweider 1982, Auer et aI.
1986). As recendy as 1999, dte summer average TP
concentration in Onondaga Lake remained very high
at 54IJS'L" (Matthews et ai, 2001). These levels exceed

Onondaga Lake was oligo-meso trophic before
European settlemcmiB thclate 1700s (RoweD 1996).
Pollution iliataccolDpoieddevelopment ofilie water.
shed lead to severe~ 3datjon and loss of uses of ilie
lake, including: (1) IC8 of the cold-water fishery by the
late 18005 (Tango aIMf:linBier 1996), (2) closure to ice
harvesting in 1901. (3)dosure to swimming in 1940,
and (4) closure to fiIII8Ig in 1970 (F.fner and Harnett
1996). Onondaga Lakeiras been described as perhaps
the most polluted lake ia rhe L'uited States (Onondaga
Lake Restoration ACt 1989. Hennigan 1990).

Onondaga Lake is ~ eutrophic because of ilie

high loading rateofP~ in its inpuu (Effleretal.
1996a). Water qua1ity '.!:~tions of this eutrophy
include: (1) severe PI~ton blooms, including
nuisance cyanobactcr8(Aueret al.1990, F.fner et aI.
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by a wide maJgiD the New York State guidance value
for the summer (mid-May to mid-September) epilim-
netic average TP concentration of 20 ~. LI, iDcended
to protect apnst water quality degradation from
cultural eutroJ:i1icati on.

External Total Phosphorus Loads

systems. NYSDEC (1998) conducted a TMDL analysis
for P for the lake that was accepted by the USEPA. A
phased approach was adopted inestabmhingthe TMDL
for P in the lake, an atypical strategy that is reserved for
receiving waters with serious and complex water quality
problems; only two other cases were cited as examples
at the time of submission of the analysis (NYSDEC
1998). The guidance value for TP developed for New
York, based on empirical relationships ofTPconcentra-
tion with aesthetic effects for primary and secondary
recreation (Kishbaugh 1993), represented the numer-
ical goal. This numerical limit of 20 ~'l"1 for the
summer epilimnetic average TP concentration is gener-
ally consistent wim the upper bound of mesotrophy
proposed for TP concentrations by several researchen
(Vollenweider 1975,1982, Chapra and Dobson 1981,
Auer et al. 1986).

The model used for me analysis is a system-specific
mechanistic tool, supported by monitoring and process
studies (Doerr et al. 1996). The model and the TMDL
analysis only consider TP. The lake is modeled as two
vertical completely-mixed layers that correspond ap-
proximately to the epilimnion and hypolimnion.
Accordingly, external loads enter the upper layer of
the lake from its tributaries and Metro, and the .lake
outflow to me river leaves the RIDe layer. The model
accommodates the P cycling processes of settling,
sediment rdease, and vertical mass transpon between
the tWo layers, and me dynamics of external TP loading
(Doerr etal.1996). The model performed wen in a con-
tinuow simulation of four consecutive years (1987-
1991) over which the summer average epilimnetic TP
ranged from 74 to 140 ~.l"1 (Doerr et al. 1996). A
management venion of the model supports evaluations
of reductions in TP loading from Metro and the
tributaries for the runoff conditions of two selected
years that were identified as high and low runoff yean.
The management model allows the user to vary the
Metro effiuent nows and concentrations and to reduce
tributary loads in 10% increments (applied uniformly
through the time-series of tributary loads). The model
can be used to make iterative simulations for different
external loading conditions to establish loading rates
that are predicted to meet the guidance value. The
irregular loads from me Metro bypass and potential
inputs from the river were not considered over the
interval of model testing; nor are these sources
considered in the management venion of the model.

Based on their review of prevailing annual external
loading conditions (Table 1) and application of the
model, NYSDEC (1998) determined that a Phase I
TMDL 0£63.5 kg.d'l (Table 2) would meet the in-lake
guidance value of 20 ~ - L-I. A modest increase in
the design average Bow of Metro of -5% (!.7 m' . S.I;

84.2MGD)was invoked for the analysis -an assumption

ToralPloa:ls from Metro fordle 1977.1993ioterval
. were reviewed by EtHer et al. (l996a); Matthews et al.
(2001) updated the analysis through 1999. Approxi-
matelya tweDt'1"fold reduction in loading was achiev~d
over dle 1977-1993 interval associated with a ban on
high-P detergeuu in Onondaga County and increased
treatment ( addition of secondary and tertiary) at Metro
(£mer et al. 1996a). Concentrations ofTP in Metro's
principal discharge averaged 0.55 to 0.6 mg. V ~ th~
1990s, subsl2ntially below the effiuent standard of
1 mg. Ll (protection of me Great Lakes; in place
through 1997 for Metro). The New York State Dep-
artment of Environmental Conservation (N'r'SDEC)
reported an aftrage daily TP load from Metro to the
lake over the 1990-1995 interval of 167 kg.al. 90%
from the principal shoreline discharge and 10% vja the
bypass (Table 1, NYSDEC 1998). The loading estimates
for the principal discharge are based on analyses (by
Onondaga County) of daily flow-weighted 24 hr
composit~ (hourJy) samples. Bypass loads are based on
. grab" type samples.

The NYSDEC (1998) used tributary (bi-weekly
grab sampling) and Metro effiuent and bypass annual
loading estimateS reported by Onondaga County over
me 1990-1995 iDtC'rval to represent prevailing loading
levels and apportion the contributions according to
the sources in ~ TMDL analysis (Table 1; load from
the Seneca Riverinflow not considered). Th~ estiDrdted
total daily TP loading rate to the lake for the 6 year
period was 246.4 kg' d.l (Table 1). The average
contributiom of Metro and the tributaries to die total
TP annual loads were 68 and 32%, respectively
(NYSDEC 1998; Table 1), based on estimates reported
by dle County. The contributions of Onondaga Creek,
Ninemile Creek, and Ley Creek were estimated to be
14, II,and6%,respectively(Table 1). NYSDEC(1998)
reported that the prevailing average daily l~d of TP
from CSOs was 16.9 kg . d.l, or nearly 50% of the

Onondag-a Creek loading rate and 10% of the Metro
rate (Table 1).

TMDL Analysis for Phosphorus

NYSDEC Kientified Onondaga Lake as a priority
water body for TMDL development through its
inclusion on the 1996 303( d) list of water quality limited
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Table 2.-Prevailingannualloads compared to 1MDL allocations, as presented by NYSDEC (1998)-.

Sources TMCLTP
Loads (kg. dory

Prevailing TP
Loads (kg. d-1)

% Reductions

. based on Onondaga County monitoring data, and annual loading estimates.

weadler combined sewage from 62 to 85% (NYSDEC
1998). If it is detennined during stages I and II that
continued discharge to dle lake will not'achieve water
quality standards, Metro will be req uired to implement
oilier alternatives, which may include relocation of dle
discharge to the Seneca River (NYSDEC 1998). An
average reduction in tributary loading of 10.3 kg " d.l

(13% reduction from prevailing conditions, Table 1)
has been assumed associated with dle implementation
of dle CSO component of stage II_(NYSDEC 1998).
Stage III requires that dle Metro effluent concentration
be reduced to 20 IJg"L.1 by dle end of2012 (~DEC
1998). Effluent levels ofTP < 120 IJg" L"l had not been
demonstrated at any full scale WWTPs of similar size to
Metro at dle time of me TMDL analysis (NYSDEC
1998). Specific plans to achieve the additional reduc-
tions in tributary loading ( -35%; accepting the assumed
reductions of 13% from increased capture of wet
weather combined sewage) necessary to reach the LA..,
and thereby the TMDL, were not specified in the
1MDL analysis (NYSDEC 1998). Listed possibilities
include reductions in agricultural and stream bank
erosion inputs in rural areas and elimination of possible
sewer leaks in urban areas (NYSDEC 1998). A phase II
TMDL analysis will be conducted by the beginning of
2009 (NYSDEC 1998).

that is conservative for prevailing conditions. Parti-
tioning between WL\and LA was based on invoking
an effiuent concenu-ation of 20 ~. L-l for Metro,
specifying a MOS oflOCJJ ofdle TMDL, and calculating
the necessary LA as the resKlual (LA - TMDL - WLI\
- MaS; Table 2). No abatement action for the bypass

portion of the WLA was ilKorporated in the TMDL
analysis (i.e., assumed that it will remain unchanged).
According to the TMDLanalysis, nearly a 75% reduction
in the annual external TP loading will need to be
achieved, that will be ~complished through nearly a
50% red uction in tribut2JY lc»ding and a 90% decrease
in the Metro input(Tabie 2). Seasonality ofloodingwas
not considered, apparendy because of an insensitivity
of model predictions of dte summer average epilimnetic
TP concentration for the two disparate annual flow
regimes used in the management applications of the
model (NYSDEC 1998). Apparently, this was the basis
for the timing features of the effiuent limit specified
for Metro, that stipulated the required loading rates or
concentrations as twelve month moving (rolling)

averages (NYSDEC 1998).
The implementatXm plan for the phase I (with

three stages) P TMDL for Onondaga Lake (part of a
larger $400 million plan to clean up the domestic waste
problems of the lake) bas three stages that will extend
from 1998 to the end of 2012 (NYSDEC 1998). The
phase I plan calls for a continuing in-lake discharge of
the Metro effiuent. ~on of this discharge to the
Seneca River had been a leading alternative (Effler
1996), until the assimiJative capacity of the river for
oxygen-demanding was(eS decreased in response to
the zebra mussel invasion (starting in 1993; Effleretal.
1996b). The stage I limits forTP for Metro (181.8kg'

d.l) correspond approximately to levels achieved
through the mid-1990s (Table 1); ~O limits reflect
"best management practicesw implemented according
to regulatory guidelines that have resulted in the annual
capture of 62% of the wet weather combined sewage

(NYSDEC 1998). Stage n (by 2006) requires that TP
concentrations in the Metroeftluent be reduced to 120
~g'L'l, and an increase in the annual capture of the wet

Methods
This evaluation of the Phase I TMDL analysis for P

for Onondaga Lake relies on:(l)an independent long-
term monitoring program conducted on die lake, its
tributaries, and adjoining portions of die Seneca River
(e.g., Effler 1996, Effler et al. 1996a; Table 3), (2) algal
bioassay experiments of the bioavailability of particulate
P in inflows to the lake (DePinto et al. 1981, Aueretal.
1998), (3) loading rate calculations for fonns ofF for
lake inputs, ( 4:) calculations of water densities of inflows
and the lake with an appropriate equation of state
(Effler 1996), (5) analyses conducted with a previously
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lake tribs.
Onon. Cr.
Ninemile Cr.
Ley Cr.
Metro

bi-weekly year-round!
1991.2000

T, n 0 C/, TP, SRP
TOPON.. ON,

NM
LC
MT

Seneca R weekly May-Sept.
1993-?nnn

T.ft~
5317

_CI, TP, SRP,~- -. sites shown on Fig. 1.
. Onondaga L tributaries and Seneca R. flow measurements continuously by United States GeoiogicaJ S'ulVey:

Metro continuously measured by Onondaga County.. abbreviations for laboratory analytes: CI - chloride; TP, SRP and TOP - total, soluble reactive, and total

dissolved P.

interval of 1996 (October 7-22), wing a modification
(AueretaJ.1998) of the dual culture diffusion apparatw
of DePinto (1982). Accordingly. P released from the
particulates diffuses across a membrane and is immobil-
ized by P-starved algae (Selenasrrum capricomurum).
The algal ceUs were harvested at " d intervals over a
30 d period and the P content determined. Three
features ofbioavailability were quantified by the experi-
ments(AueretaJ.1998): (1) the ultimate concentration
of P available, normalized to the mass of swpended
solids(P ult;~gp.gSS.l), (2) the fraction of the P associated
with the suspended solid., d1at is available (f), and (3)
the reaction rate (k; d-l) for conversion of PP to algal P.

Loading rates of forms off from tributaries were
calculated from measurements on bi-weekly grab sam-
ples and the continuous Q measurements (Table 3)
through time interpolation, as strong concentration.
Q relationships w~re not observed (Effler and
Whitehead 1996). Estimates of water density were
made with an equation of state (EtBer 1996) that incor-
porates the density-temperature (T, 0 C) relationship
for pure water of Millero et al. (1976) and the S de-
pendence reported by Ch~n and Millero (1978). This
expression performs as well as the system-specific
expression developed by EiDer et al. (1986), for the
density di£fer~nce issues addressed here. Values of S
for Ninemile Creek, Onondaga Creek and Onondaga
Lake were estimated from chloride (0) concentration
according to relationships presented by Emer (1996).

Net inflow into the lake from the Seneca River
(~s) was calculated according to the foUowing steady-
state mass balance expreuion (Owens 1993) for 0,
widely used as a conservative tracer

tested one-dimensional density stratification model
(Owens and Effler 1996b) and a simpler two-layer
framework (Doerr et aI. 1996), and (6) mass balance
calculations conducted around the lake outlet and
river to estimate river inflow into the lake. The long-
term lake monitoring site (Fig. 1) is generally
representative or lake-wide conditions (Effler 1996).
The mouths of the three primary tributaries and an
upstream site on Onondaga Creek are monitored
(Fig. 1). The upstream Onondaga Creek site supports
bracketing the urban portion of that watershed. The
Metro effiuent P was monitored bi-weekly over die
1995-1997 interval to partition this input according
to dissolved and particulate components. OUoride
measurements made in dle summers of 1990 and 1991
(Nauman 1993) and 1993 and 1994 on samples collected
from the Seneca River, upstream and downstream of
the lake oudet (Fig. 1), supported estimates of river
inflow into the lake. Tributarytlows at the three tributary
mouths, the upstream Onondaga Creek site and die
Seneca River (Fig. 1) were those reponed by the United
States Geologic Survey from continuous gauging
stations; the Metro effiuent Qis measured continuously
by Onondaga County. All laboratory analyses (Table 3)
were perronned according to standard methods (APIlA
1992). Spectrophotometric TP analyses were corrected
for the effects of turbidity (method 4500-PE; APHA
1992).

The bioavailabilityof particulate P from Onondaga
Creek at its mouth and at the upsUeam urban/rural
boundary, at the mouth of Ninemile Creek and the
Metro effiuent was determined for a single sample
from each of these sites collected during a dry weather
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~IN (C~/U - C~/d) -to ~(QL - CISIN/d) + ~s

(QL - C~IN/a) = 0 (1)

where ~IN and QTRJB are daily flows of the Seneca
River at Baldwinsville (Fig. 1) and the summed inflows
to the lake (tributaries plus Metro), respectively, and
ClSEN/U' ~/d' and QL are the CI concentrations in the
river upstream of the lake, downstream of the lake, and
in dte epilimnion of the lake.

A previouslytested(Owensand Effler 1989,1996b)
system-specific one-dimensional hydrothermal density
stratification model fOT the lake was applied here to
simulate the occurrence and extent of the underflow
phenomenon (plunging of a dense inflow below the
upper mi"Ced lake layer) for the conditions of 1999.
This is an integral, or mixed layer, model that accommo-
dates the effects of mete-orological and hydrologic
conditions on ve-rtical transport of heat and mass in
simulating ve-rtical density stratification. This model
partitions the- water column of the lake vertically into
segments of about 1 m thickness (Owens and Effie-r
1989). Turbulent kinetic energy supplie-d by surface
wind stress and convective- cooling is used to overcome
the gradient at the base of the expanding surface
mixed layer (e.g., Ford and Stefan 1980, Harleman
1982, Owens 1998). Turbulent diffusion below the
epilimnion is also accommodated (Owens 1998). The
heat budget of the- model includes terms for evaporative
heat loss, short- and long-wave radiation, convection,
conduction and back radiation. The model also includes
a submodel that simulates the effects of dense- plunging
inflows (e.g., Hebbert et aI. 1979, Owens and EtDer
1996b). An earlier version of the- model successfully
simulated the substantial seasonality of the effective
depth of plunging of inflows made dense by saline
waste inputs (Owens and Emer 1989). Mode-I inputs
include the T, S, and Q of inflows and meteorological
data collected at a nearby (8.5 km) National Weather
Service station. Model calibration proce-dures were
described by Owe-ns and Effler (1996b).

The simpler two-layer transport framework of
Doerr et aI. (1996) and the- above multi-layer strati-
fication model were- use-d to explore- the implications
of the- magnitude- and se-asonality of the lake flushing
rate- on summe-rrlme conce-ntrations of a tracer, dis-
charged from Metro. The-tracerwasloadC'data uniform
Cooce-ntration each month separately and the average-
summenime (mid-May to mid-SC'ptember) epilimnetic
concentration predicted to depict the- relative-
re-sponsive-nC'Ss of the lake-'s productive layers to the
seasonality of this load; e.g., within the conte-xt of dte-
timing and de-pth featurC'S of the TP guidance value.
Application of the- density stratification mode-I was
limited to the- conditions docume-ntC'd for 1999. The-
two-layer frame-work was applied for 30 years of

continuous hydrologic loading documented for the
system for th~ 1971-2000 period torepres~nt the~ffects
of natural variations in runoff(e.g., Gelda ~t aI. 2001).

.~ accurate hydrologic budget is necessary to
support materia! budget calculations and related mass
baIance water quality models (Chapra 1997). Thus it is
important to include all significant hydrologic inputs.
Within the context of a P TMDL analysiS, this is parti-
cu1arlycritical for sources that make disproportionately
large contributions to the overa11 load of available P.
The TMDL analysis did not consider two minor
tributaries on the lake's east shore that probably
represent <5%oftheiotal tributarytlow. This omission
is not considered important to the analysis, as associated
TP loads from these inputs are not disproportionately
high (Emer and Whitehead 1996).

A much more important shortcoming of me TMDL
analysis is the omission of me input from me Seneca
River. There are three aspects of concern in mis regard:
(1) the magnitude of this inflow has not been quantified,
(2) the river is relatively rich in P during the summer
months (e.g., TP > 60 I.Jg.t-l; Emer et al.1996b) com-
pared to levels anticipated in the lake following imple-
mentation of the management plan, and (3) a shift to
increased availability of this source of P (more in dis-
solved forms) has occurred since the zebra mussel in-
vasion of the river (Emer et al. 1996b). Two anthro-
pogenic effects are responsible for the unusual flow
regime in the lake's outlet that results in irregular
inputs from the river: (1) the elevated density ofiake
water relative to the river, that is at least in part due to
residual industrial saline waste inputs (Emer et al.
1997), and (2) the elimination of the natura1elevation
gradient from the lake to the river through lowering of
the lake and control of the river elevation for hydro-
power and navigation purposes (Owens and Effler
1996a). The flow regime in the lake's oudet has been
found to be extremely dynamic and complex (Seger
1980, Owens and Effler 1996a),such that the application
of traditional techniques (e.g., flow gauging) to quantify
net river inflow (incorporated into the lake's water
column) and lake outflow has been confounded. A bi-
directional flow regime is commonly encountered in
the lake outlet, with the less dense river water flowing
toward the lake in the upper layer (Owens and Emer
1996a). Analyses to date indicate the river inflowpheno-
menon occurs during low flow (e.g., summertime)
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inter.'3ls, and d1at mitigating racton include operational
influences on the river elevation and wind conditions
for the lake (Owens and Effier 1996a).

The dynamks of net river inflow (~) for 1990
and 1991, estimated through application of the C1
mass balance around the lake and river [Eq. (1)], depict
strong short-tenn and year-to-year differences in the
magnitude of this source (Fig. 2a and b). EXtension of
the approach to 1993 and 1994, for which there are less
a data for die river to support the calculations, resulted
in average Q,;s values of 0.8 and 1.5 m' 'S.1 for the May-
September interval. There are substantial sources of
uncertainty that may compromise the reliability of dle
estimates, and particularly the short-term patterns, of
~/S including: (1) the known high temporal variability
of the phenomenon, (2) temporal limitations in C1
measurements, (~) effects of travel time and mixing
processes in the river, ( 4) errors in flow measureme:nts,
and (5) limitations in the assumptions invoked in the
development of the mass balance (Owens 1993). The
a verage of the estimates of Q,;s for the May-September
interval for the four years, -1.5 m' .S.I, is a reasonable
first approximation of the magnitude of this inflow.
Based on the long-tenD hydrologic record for the
lake's tributaries (e.g -, Gelda et al. 2001). this represents
on average about 50% of the Metro discharge and
-13% of the total flow into the lake for the May-
September interval. The implications of this additional
source of P within the context of the other inputs and
dle TMDL analysis are considered subsequendy-

of P treatment at Metro, and the extent to which
averaging of effiuent concentrations over 12 months i5
protective for Onondaga Lake. This is demonstrated
here dlrough a 1ake "response curve" (Fig. 3a) that
presenu predicted epilimnetic concentrations of a
conservative tracer for the mid-May to mid-September
interval that resulu from uniform loading from Metro
through each month separately(i.e., 12 simulations of
response to single month loading to form the response
curve). Means of the 30 years of simulations with the
simple tWOolayer framework, and measures of inter-
annual variations from natural hydrologic variability
(:t 1 standard deviation) incorporated in the 30 year
record of inflows, are presented (Fig. 3a). Predictions
with the more replete one-dimensional hydrothennal
model were well within these variability limits, and
accommodation of reasonable levels of river inflow
have only a modest effect on the character of the
predicted response (Fig. 3a). Cearly, the impacu of
loads received from early faIl through the foUowing
early spring interval are modest (because of rapid
flushing/turnover) compared to the inpuu received
over the April-August interval (Fig. 3a).

Conditions over the designated critical interval of
the TP guidance value are largely driven by loa~ing
conditions over much of the same interval (Fig. 3). This
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The seasonal character ofNew York's TP guidance
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important implications with respect to the potential
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(Fig. 3). It is not protective of the lake, as it wowdallow
occurrences of relatively poor summertime P treatment
to be compensated for by better levels of treatment in
noD<ritical months.

Third, the strong seasonality in lake response also
challenges the representation of eXternal P loading
rates, based on year-round monitoring, such as included
in the P TMDL analysis for Onondaga Lake (Tables 1
and 2). These rates should instead reflect levds that
prevail over the April-August interval. While Metro
loading rates have been relatively unifonn seasonally,
tributary loading rates off have been significandy (a.
0.05) lower for the April- August interval than on an
annual basis at the mouths of both Onondaga Creek
(TP, roP) and Ninemile Creek (roP; rig. 4a and b).

Fourth, the wide interannual variations predicted
for both the conservative and non<onservative tracer
analysis (Fig. 3a and b) suggest the potential for sub-
stantial interannual differences intake TP in the futUre
(foUowingthe major reductions in Metro inputS), driven
by natural variations" in runoff. These effectS probably
cannot be fairly represented through a priori selection
of tWo case years perceived as bounding the range of
runoff effects, as presendy adopted in the P TMDL
analysis (NYSD EC 1998). Long-term monitoring of P
in the tributaries and the extensive flow record for
these inputs (Effler 1996) offer the opportunity to
more fully represent these effectS and objectively
identify critical conditions (Gelda et al. 2001).
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is a manifestation of the high flushing rate of Onondaga
Lake. The response curve demonstrates substantially
less seasonality for a lower average flushing rate of25%
of the prevailing rate (inflows reduced by 25% for this
scenario; Fig. 3a). Similar seasonality ~merges for a
reactive substance (e.g., f). This is d~monstrate-d her~
by repeating the response curve analysis for a tracer
with average settling velocity of 0.03 m 'dol (Fig. 3b),
corresponding to the net loss behavior of P incor-
porated in a widely used simple P model (V oDen w~ider
1975).

The pre-dicted character of the summertime
r~sponse of the lake to the timing of loads has at least
four important implications for managers. First, this
response diminishes the potential importance of
internaIloading of P from the ~nriched hypolimnion
0 fthe lake mediated by vertical mixing. Large quantities
of P accumulate in Onondaga Lake's anoxic hypo-
limnion during summ~r stratification associat~d
primarily with sediment releas~ (Auer et aI. 1993,
Doerr et aI. 1996, Penn et aI. 2000), as observe-d in
many eutrophic lakes (Wetzel 2001). A number of well-
known case studies (Larsen et al. 1981, Welch et al.
1986, Marsden 1989) have demonstrated that sediment
feedback can retard a lake's response to P-based re-
habilitation efforts. Auer ~t al. (1993) demonstrated
the highest internal load (by a wide margin) to the
productivelayen of Onondaga Lake from this feedback
occurs during late September and early October,
associated with the entrainment of the enrich~d
hypolimnion that accompanies the approach to
compl~te fall turnover (Emer and Owens 1996).
Loading in that interval does not contribute sub-
stantively to th~ epilimnetic P pool of the lake during
th~ critical summer months, as these inputs are removed
from th~watercolumn beforethesubsequentsumm~r
through export or redeposition (Fig. 3). This is
promising for timely lake recovery, as assessed in the
summer months, following adequate reductions in
external loading. Internal loading from the hypo-
limnion during the summer months is limited to much
smaller fluxes (average of about -3 kg'd'i in late 1980s;
Auer et al. 1993), mediated by small scale vertical mix.
ing (Wodka et al. 1983).

Second, protective permitlimits for Metro emuent
P concentrations need to reflect the s~asona1ity of the
lake's response (Fig. 3b) driven by its high flushing
rates. Timing features of New York's TP guidance
value dictate that permit limits for Metro to protect
summertime conditions in the lake should specify the
highest performance over the April-August interval.
The year long (12 month) averaging presently incor-
porated in the facility's permit is inconsistent with
the basic timing features of the response of this lake

Onondaga Ninemile Ley Seneca
Creek Creek Creek River

F'1&Ufe4. -Comf*BoD of aDDu:i -.~ April- AuJust agerage
P loadiog ~ for the 1995-2000 iD1ervaI for ilJpuu 10 Oooodap
Lake: (a) lOW P (TP). am (b) total d8Iol\oed P (TDp). Error baR
repr'eseDt o~ IWIdard error of !be ~ for six Jean; p.\'a1UeI are
included 10 indicale IigDificaot djff~es for me tWO avengiDg

periods.
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(d) density differelx:~ -oaa~~ with ~T aad AS.~. Designatiom
for the inftows are ME for Metro, OC for Omodaga Creek, and NC
for Ninemile Creek.

Density differences between inflows and a receiving
lake can influence the effective depth of entry of me
inputs (Effler and Owens 1986, A1a\ian et aI. 1992).
Inflows that are less dense man me surface waters of a
lake tend to enter onto me surface of me lake ( overflow)
and are readily incorporated into me upper mixed
layer. Inflows that are more dense than me surface
waters tend to plunge in the lake, and can enter as an
"underflow." Ambient lake waters are entrained into
an underflow as it plunges, mereby reducing density
differences. The underflow enters the water cciumn at
a depth where its density equals that of me water
column (neutral buoyancy depth; becoming an "inter-
flow"). Local mixing conditions in the area of the point
of entry of an inflow into a lake basin influences this
phenomenon; e.g., often the turbulence is adequat~ to
eliminate plunging where modest differences in density
develop seasonally. Both T (AT) andS (AS) differences
play important roles in regulating the seasonal dynamics
of density differences (Ap) between the surface waters
of Onondaga Lake and its inflows and the occurrence
of plunging underflows (Fig. 5).

Substantial differences between me temperatures
of the two largest tributaries and the lake's surface
waters develop annually; the seasonal trends are rep-
resented here by polynomial fits of observations from
the long-tenn mQnitoring program (Fig. 5a). The
average temporal distributions are very similar for
Ninemile Creek and Onondaga Creek. These tribu-
taries remain coldeT than the lake surface for the May-
October interval (i.e., 6T < 0), wim a maximum differ-
ence of nearly 7 °C common in early AUguSL This
timing is widely observed, associated with the disparate
responses oflotic and lentic systems to the seasonality
of heat flux components in this climate. The temporal
differences between the Metro effiuent and lake swface
temperatures demonstrate a widely different character.
The temperature of this effiuent remains wanner than
the two main tributaries, and often by a wide margin.
The effluent temperature becomes colder than me
surface lake waters (i.e., AT < 0) for a shorter interval
(June-August), and me seasonal maximum temperamre
difference during this interval is much less (-3 ° C). The

Metro effiuent remains much warmer than the lake
surface in early spring and late fall.

Salinity levels in the tWo major tributaries are
generally substantially greater than in the upper waters
of the lake over the summer monms (i.e., AS > 0), while
Metro concentrations are usually lower (AS < 0), as
represented by the polynomial fits of long-term
observations (Fig. 5b). These relationships are subject
to more shon-term variability than mose for temper-
ature, associated with runoff events (e.g., dilution) in

the case of triburaries, and with irregular inputs from
industrial waste in the case of Metro (Effler et al.
1996c). Somewhat higher S levels presently prevail
in Onondag-a Creek compared to Ninemile Creek.
(Fig. 5b), a noteworthy reversal associated with de-
creases in residual industrial loading to Ninemile Creek
(Matthews and Effler 200 1). The timing of the maximum
S difference between the tributaries and the lake
coincide approximately with that of the T differences
(Fig. 5a and b).

The colder temperatures tend to make these two
tributaries, and to a lesser extent the Metro effiuent,
denser than the surface waten of the lake during
summer and early fall (i.e., fJ.PT' includes temperature
effects only; Fig. Sc). Inclusion of the S effect is critical
in this analysis as it modifies the density differences
substantially (i.e., ~PT.s; Fig. 5d). The higher S of the



EFF1.ER. O'DON~ MATrHEWS. MATTHEWS. O'DONNELL. AUER AND OWL'JS98

proximation of the seasonality of the pi unging under-
flow phenomenon for the tWo major tributaries for the
conditions of 1999. This preliminary analysis assumes
uniform near-shore geometry and near-field mixing
for the two saline tributaries and Metro as they enter
the lake basin. Following initial calibration to the
observed features of the thermal stratification regime,
calibration focused on the amount of entrainment (a
.. one-way. transport process into the plunging inflow;

F1Scher et al. 1979) of ambient lake water necessary to
approximately match the sub-surface maxima in S
(e.g., OwensandF.ffler 1989,1996b). Thwdifferences
in the predicted dynamics of plunging for the various
inflows depended solely on the dynamics of density
differences betWeen the inflows and the lake (e .g., 5d).
The calibrated model performed well in simulating the
sub-surface maxima in S (e.g., 7a-c). The potential for
calibration through different combinations of condi-'
tions (e.g., near-field mixing and entrainment) that
couldafIect the relative importance of these tributaries
in regulating the in-lake signature, and the relative ex-
tent of plunging of these tWo inflows, is acknowledged.

The calibrated model was applied to estimate the
percent of the Metro, Onondaga Creek, and Ninemile
Creek inflows that entered the upper mixed productive
layers of the lake over the April-October interval 1999.
The Metro effluent either entirely or mostly entered
the upper mixed layers throughout the interval
(Fig. 7d). In sttong contrast. a substantial portion of
the Onondaga Creek inflow entered below dlese layers
over most of the May-September interval (Fig. 7e),
while the extent of plunging of Nine mile Creek was less
over that period (Fig. 7f). Plunging of both tributaries
was predicted to be conspicuously diminished during
the prolonged interval of elevated tributary flow starting
in mid-June (Fig. 7g; Onondaga Creek Q generally a
good indicator of overall tributary Q; F.ffIer and
Whitehead 1996), that was at least in part driven by
dilution-based reductions in the S of these inflows
(F.ffIer et at. 1996c). These interactions suggest the
potential for sttong interannual variations in this pheno-
menon, associated with natUral variations in meteor-
ologicalconditions. Approximately 27% of the TP load
and 31 % of the TDPload for Onondaga Creek entered
below the upper productive layers over the AprU-
August interval of 1999; the percentages for Ninemile
Creek were 28 and 25%.

tributaries increases the density differences with the
lake surface associated with lower T by about a factor
of two (FIg. 5c and d). The higher tributary S values
combined with the lower Metro S causes these inputs
to diverge strongly in the potential to plunge. Metro
effiuent is denser than the lake surface waters by
a relatively small amount for only a brief interval

(Fig. 5d).
The occurrence of plunging of one or both of the

saline dense tributaries during summer is established
by the coincident ann ual developmen t of metalimnetic
peaks in S over the summer to early fall interval
(unpublished data, Upstate Freshwater Institute),
illustrated here through specific conductance pro-
files in early and late summer in several recent years
(Fig. 6a-d). Very little vertical structure is observed
in early summer but conspicuous sub-surface peaks
are manifested by late summer. Interannual differences
in the vertical position and magnitude of the peaks
(Fig. 6a-d) may reflect the effects of variations in
runoff( e.g., dilution oftributaryS) and meteorological
conditions (e.g., ambient lake mixing, and ~T).

Phosphorus loads carried in the plunging inter-
flow(s) enter below the upper mixed productive
epilimnion and are not immediately available to support
phytoplankton growth (below the photic zone; Perkins
and Effier 1996). Though some portion of this interflow
subsequently makes its way to the upper layen through
mixing processes, the associated P load is likely further
diminished in the interim. The one-dimensional density
stratification model is used here to provide a first ap-

Bioavailability and Deposition

As the TP guidance value i5 intended to protect
against water quality degradation from cultural
eutrophication, only those components of the P load
dlat can support phytoplankton growth should be
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Table 4.-BioavaiIability of particulate phosphorus (PP) in inputs to Onondaga Lake as determmed by bioassay
experiments, with 95% confidence intervals for the determinations.

tributary and Metro particulate samples before and
after the bioassays (Needham 2000) demonstrated
most of the PP in die Metro emuent, and mobilized in.
the experiment, was associated with organic particles.
In contrast, most of dIe PP for the upstream Onondaga
Creek and Ninemile Creek samples, and dIe limited
mobilization, was associated widI inorganic particles
(Needham 2000). Intermediate conditions were ob-
served with respect to association and mobilization
from the PP at the mouth of Onondaga Creek
(Needham 2000). These associations are consistent
with dIe dominant components of panicle populations
of these inputs established dIrough individual panicle
analysis techniques (YO In and Johnson 1984, Emer et aI.

1992).
Settling velocities reponed in the literature (e.g.,

Emeretal. 2001) for organic versus inorganic particles,
together with the limited site-specific characterizations
of particulate associations of P mobilized in the

bioavailability experiments (Needham 2000), suggests
much more of the bioavailability potential of PP from
Metro is exerted in the lake compared to the tributaries.
A first approximation of the diminishment of dIe
potential of the bioavailable PP from settling is
represented as the ratio of dIe settling1oss rate (ad°Pdng
0.2 m.d.l for organic and 3 m 'd.l for inorganic) to the
sum of this rate and the reaction rate observed in dIe
bioavailability experiment (k, Table 4). Accordingly,
approximately 10% of the bioavailable PP from Metro
(assumed organic particles) would be expected to setde
before it could be mobilized, while about 75% of dIe
bioavailable PP from Ninemile Creek (assumed in-
organic particles) is probably lost from the productive
layers through deposition before it could release dIe
available P. An intermediate levd (-40%) of diminish-
ment was estimated for Onondaga Cr~, assuming
that the increase in P Ilk from the upstream site to the
mouth was mosdy (80%) associated with an influx of

organic particles.

in the lake than the tributaries. This is consistent with
the literature, as other investigators have also reported
greater P bioavaiIability in solids loads from WWTPs
compared to tributaries, using similar experimental
procedures (DePinto et aI. 1981, Young et aI. 1982,
1985). The increase in bioavailability off in suspended
sediments at the downstream site on Onondaga Creek.
(Table 4) is also consistent with other circumstantial
evidence (Effier and Whitehead 1996) that suggests
contributions from leaky sewers.

The process of deposition further r~uces the
availability of PP received in external loads. Certain
particles carrying available P may settle out of the
productive layen before the P can be made available
for uptake. AD but the smallest inorganic particles are
lost rapidly from the watercolumns of lakes and
reservoirs because of their relatively high densities.
Setding velocities of inorganic particles have been
widely reported to be much higher than for organic
particles (e.g., 10 to 20-fold) in the open waters of
lakes and reservoirs in sediment trap studies (e.g.,
EfDer et aI. 2001). The larger of the particles received
from tribUtaries tend to settle out in the near-shore
zone proximate to the inflows. Typical settlingvelociti~s
for organic and inorganic particles in pelagic waters
ar~ 0.2 and 3 m 'dol, respectively (Emer et aI. 2001),
corresponding to water column loss rates of approxi-
mately 0.03 and 0.5 d'l, respectively, for a common
epUimnion depth of 6 m. The transport of PP to the
underlying sediments through deposition is largely
unidirectional in th~ pelagic zone of Onondaga Lake,
as very little sediment resuspension occurs in the deep
portions of the lake (Emer and Brooks 1998). The
rapid deposition of inorganic particles r~ceived from
Onondaga Creek and NinemUe Creek in the lake is
manifest~d by localized near-shore lake deposits
adjoining the mouths of these tribUtaries (Auer et aI.
1996, Em~r 1996).

Selective extraction analyses performed on the
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Analytical Issues and Tributary Unit
Area Loads

Samples mat contain substantial turbidity will have
fa1..e high TP concentrations if appropriate corrections
for the effects of this particulate material on spectro-
photometric measurements (APHA 1992) are not
made. Failure to correct for turbidity effects on the TP
analysis (e.g., Tables 1 and 2; implicit in the use of
contemporary auto-analyzers) results in substantial
overestimation of loads from these tributaries (Fig. 8).
The impact is the greatest for Onondag-a Creek and is
more important for annual than April-August loads
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(Fig. Sa and b). These relationships are consistent widl
the interference of swpensoids, as Onondaga Creek
has the highest solids concentrations and these levels
tend to be higher for all the tributaries outside of the
April-August interval (Yin and Johnson 1984, Effler
1996). The differences in loads for the uncorrected
(for t.urbidity) and corrected TP measurements were
significant (a . 0.05, paired two sample t-test for

means on log transformed observations) in all cases.
Nearly 90% of the uncorrected TP measurements for
Onondaga Creek were false high by more than 20%
and nearly 35% were false high by more than 60%
(Fig. Sc). Annual loads at both Onondaga Creek sites
were overestimated by nearly a factor of two in 2000, in
the absence of corrections for turbidity (Fig. Sa). Un-
corrected estimates for Ninemile Creek and Ley Creek
were false high by -15%. Overestimates.of tributary
loading for the April-August interval of2000 associated
with failure to correct for turbidity were about 20% for
the two Onondaga Creek sites, and about 10% for the
other two aibutaries (Fig. Sb). The effect of this anal-
ytical interference for the Metro effiuentis less certain;
irregular checking suggests the TP concentrations in
this discharge have been largely unaffected compared
to the tributaries. Analytical results for dissolved forms
of P (e.g., rep, SRP) are determined from filtered
(0.45~) samples (for all sites) and thw are unaffected
by tUrbidity interference. Particulate P (PP) concentra-
tions determined by difference (Pp. TP - rep) will be
false high by the same magnitude as TP concentrations,
though the relative error will be higher for PP.

Examination of tributary loadings normalized by
contributing area (unit area loads, UALs) is valuable in
delineating the relative richness of these sources within
the lake's watershed and it facilitates comparisons with
conditions in other basins reported in the literature
(Table 5). UALs are presented for TP, TDP, and SRP
for the rural and urban portions of Onondaga Creek
and for the overall watersheds ofNinemile Creek and
Ley Creek, as averages for the 1995-2000 period. Both
annual (based on year-round monitoring) and April
through August values are presented (Table 5). The
annual estimates support comparison to literature
values, while the seasonal values are consistent with the
system-specific response time described here (Fig. 3).
"Most frequendy reported ranges. ofUALs presented
in the review of Budd and Meals (1994) for forested,
agriculture, and urban land uses are included for
comparison (Table 5). No systematic decreases have
been noted in the UALs for the tributaries since the
completion of the TMDL analysis.

The UALI for aU three forms ofP are shifted sub-
stantially lower for the April- Augwt interval compared
to the annual levels for both the rural and urban
portions of the Onondaga Creek watershed (Table 5).
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Table 5.-Unit area loads (UALs) for Onondaga Lake tributariesa, compared to literature values for different land
uses. Standard deviations of dIe averages for six years are included in parendIeses.

--

TOP UALs
(kg' km.z. y1)

Annual April-Au;.

Tributary/L3nduse TP UALs
(kg'k~. y-')

Annual Aprll-Aug

SRP UALs
(kg" km-z'y1)

annual April-Aug.

201
56,

20

351

3.7(1.4)
24 (20)

4.8 (1.7)

9.2 (2.3)

2.1 (0.7)
13 (7)

3.3 (1.5)

8.1 (3.7)

1.4 (0.9)
17 (14)

2.6 (1.3)

7.0 (5.8)

0.8 (0.6)
8.5 (5.9)

1.6 (1.0)

4.9 (2.9)

Onondaga Creek
rural
urban

Ninemile Creek

Ley Creek

Forested'

Agriculture-
Urban

4-24
25-81

100-191

3-7
9-22

21-100

-

-averages for 1 ~ - 2000 period.
'most frequenUy reported ranges (Budd and Meals 1994)

The shifts are less dramatic fordte odtertwo tributaries.
The highest UALs for all three fonns of P prevail for
the urban portion of the watershed, a widely reported
condition for odter lakes widt urban areas in dteir
basin. The ordering of the four basins/sub-basins for
each of these forms off was Onondaga Creek urban>
Ley Creek> Ninemile Creek> Onondaga Creek rural
(Table 5). More d1an 40% of the P load for the urban
area of Onondaga Creek was in a dissolved fonn, while
these forms represented s26% in the other areas.
Comparison of TP and SRP UALs to the common
literature ranges indicates dtese basins/sub-basins do
not represent particularly rich targets for major
reductions in trlbutary loading (Table 5). The TP UALs
for rural Onondaga Creek and Ninemile Creek have
been within the range of forested watersheds, while
Ley Creek haJ been in the lower portion of dte range
for agriculture. The TP and SRP UALs for the urban
portion of Onondaga Creek are distinctly lower than
the most frequenr.ly reported range for urban areas,
Yet further reductions in loading from this urban area
will result from dtr on-going CSO abatement program,
The benefit cIaimr:d for the CSO program from stage
I to stage II appears to be unreasonably optimistic
(reductions inTPload -10 kg.a1; NYSDEC 1998) aJ
this corresponds to a reduction in the urban Onondaga
Creek TP UAL (for 53 knl2 watenhed; footnote c,
Table 1) of nearly 70 kg'km-2_yl (more than the total
prevailing level; Table 5). The SRP UALs for rural
Onondaga Creek and Ninemile Creek fall somewhat
below the most frequently reported range for forested
areas (Table 5). Ley Creek is more enriched; this SRP
VAL falls Within the upper portion of the forested

range.

The goal of a 50% reduction in total non-point P
loading (NYSDEC 1998), wimout regard to the afore-
mentioned attenuating processes, appears to ~ unreal-
istically high based on prevailing conditions (Table 5).
The enrichment observed within the urban portion of
Onondaga Creek during dry weather indicates further
reductions are possible. An optimistic reduction of
50% in loading from me urban portion of Onondaga
Creek would result in an UAL of -30 kg'km2 'r. that
would be unusually low for an urban area (Table 5).
Ley Creek is probably the next best target, though its
contribution to over-aU tributary loading is modest. A
20% reduction in P loading from Ley Creek may be an
attainable goal. Given the relatively low UALs that
prevail for the non-urban portions of the lake's
watershed (Table 5), and published results from areas
where -best management practices" have been imple-
mented (Johnson et al. 1978), a 10% reduction in P
loading from these areas is a reasonable upper bound.
According to mese assumed individual reductions,
about a 20% reduction in total tributary P loading rep-
resents a reasonable upper bound goal. Much of the
present loading of bioavailable P from the tributaries
probably corresponds to natural background inputs.

Synthesis: Effective P Loading,
Partitioning Contributions

Partitioning contributions of poUutants is funda-
mental management information to support rehab-
ilitation programs. Several processes and factors have
been described here that influence the effective loading
ofP; i.e., that will regulate summer avera,R'e epilimnetic

(11)
:29)

(9)

[10)

15 (10)
43 (28)

20(11}

35 (12)
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This analysis has demonstrated that effective P
loading from MeU"o has been understated and tributary
inputs have been overstated in the phase I TMDL,
associated with the following factors: (1) false high
measurements ofTP for tributaries, (2) lack ofrecog-
nition of the greater bioavailability of the Metro input,
(3) lack of recognition of the importance of seasonal
versus annual loading for the tributaries, (4) lack of
recognition of the higher settling velocities of tributary
(inorganic) versus Metro (organic) bioavailable PP,
and (5) lack of recognition of dte plunging of a sub-
stantial fraction of the tributary inputs during the
critical summer interval. Accommodation of these
factors resulu in a much more dominant contribution
(> 85%) to effective P loading from MeU"o (fully treated
plus bypass) under dte prevailing conditions compared
to the TMDLanaiysis (68%, Table 1), for the case of no
river inflow (Fig. lOa). Including the river inflow, the
estimated average contributions of Metro, the
tributaries, and me river, under pre\oailing conditions,
are about BO, 13, and 7%, respectively (Fig. lOb).

It is critical to recognize the different eXtents to
which each of the sources is manageable. The contri.
bution from the fully treated MeU"o effiuent is entirely
manageable; this input could be eliminated through
diversion to the river (Effier and Doerr 1996), though
the adopted plan instead calls for a 90% reduction
in apparent P loading (Table 2; reduction in effective
P loading remains uncertain in the absence of more
information concerning the future effiuent; e.g.,
TDP:TP ratio, bioavailability and settling character of
PP fraction). A variety of U"eatment options can be
used to reduce the availability ofP in irregularly occur-
ring inputs such as the MeU"o bypass (Cooke et al.
1993). The previously unidentified river input can be
eliminated through changes in operation of the river
system (e.g., Owens and Efiler 1996a), modification of
the upstream river channel, and/or installation of
control facilities on the lake oudet. In contrast to these
inputs, a substantial portion (-80%) of the tributary
effective P load is not subject to reduction, as it corres-
ponds to natUral background inputs. Consideration of
the scenario of successful implementation of phase III
U"eatment at Metro (eflluent TP . 20 ~. L-l), with all
other inputs at prevailing levels (Fig. lOc), is valuable in
considering the relative richness of the remaining
potential targets for additional loading reductions.
The fully U"eated Metro effluent P is assumed to be
(conservative) completely bioavailable, consistent with
filtration-type treatment options (e.g., all dissolved P in
effiuent) that will be necessary to meet this rigorous
effiuent standard ( e.g., Delaware Engineering and New
York City Department of Environmental Protection
2000). Under these conditions, the single largest source
of effective P loading would be the lake tributaries,

TP concentrations and related features of water quality.
Despite substantial uncertainties that prevail con-
cerning the quantitative effects of certain of chese
processes and factors, it is important to provide a
preliminary synthesis of the infonnation so that
managers recognize appropriate targets for manage-
ment action, and to bring focus to future research
needs to reduce uncertainties. Phosphorus loading
has been panitioned according to the TOP (Fig. 9a)
and PP (Fig. 9b) fractions, and the sources according to
the fully treated Metro effiuent, the Metro bypass, the
tributaries, and the Seneca River. Apparent average
loading rates are attenuated (moving left to right in
Fig. 9; exception, Seneca River TOP load) differently
for the P fractions and various sources, according to
the preceding analyses.

The apparent PP loading rates are modified by
more effects than the TDP fraction, these include
(Fig. 9a): (l)erTors from not correcting TP analyses for
turbidity effects, (2) adjustments for the response of
the lake to the seasonality of loading, (3) the bio-
availability of the inputs, (4) deposition out of the pro-
ductive layers, and (5) plunging to depths below the
productive layers. The TDP fraction of the external
load is influenced only by the seasonality and plunging
factors (Fig. 9b). TheefIectiveness of the existing Metro
PP load (i.e., potential to support phytoplankton
growth) is presendy only substantially diminished by
its incomplete bioavailability(Fig. 9a). In sharp contrast,
the apparent annual PP load of the lake tributaries
(e.g., Table 1) is anenuatedsubstantially by each of the
factors; about 35% by analytical error, 10% by season-
ality of the load, 45% by the limited bioavailability, 45%
by deposition, and 20% by plunging below the
productive layers (percentages based on preceding
loading rate, Fig. 9a). Accordingly, less than 15% of the
apparent annual PP load from me lake's tributaries
(e.g., Table 1) is expected to be manifested as an
effective load (Fig. 9a). The speculative treatment of
the Metro bypass included here invoked several
assumptions: (1) equal partitioning of P between the
PP and TOP fractions, (2) bioavai1ability and deposition
characteristics of the PP fraction eq uivalent to the fully
treated Metro effiuent, and (3) me analytical errors
observed for Onondaga Creek on a annual basis. The
relative effect of the river inflow phenomenon, which
largely coincides with the critical loading interval
(Figs. 2 and 3), is understated ifit is distributed over an
annual period (Fig. 9a and b). Attenuation of the
modest PPloadingfrom this source is highly speculative;
behavior identical to the Metro input was assumed.
The TDP load from Metro remains largely unattenuated
by these processes, while the effects of apparent annual
tributary TDP inputs are diminished by seasonality
(-30%) and plunging (-20%; Fig. 9b).
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total effective
phosphorus
loading rates
(kg-d"1)

93.2 100.6 28.4
Figure 10. -CoDbilxltioa to effeaive pbospbo~ (P) loading to Onondaca Lake; (a) p~ cooditiOE8. for the ~ of ~ iDfiow from die
Seueca ~. (b) preYaililJl cooditioE8. iDdt-1din: iadow from die river. aDd (c) 'tace ill Metro diluent limit (or Apri-September iDtenal
olher sawt:es at prCYailiDc~. Total effective P loadiag rate tot' each <:Me appeaR below the corresponding pie d1art.

however. the portion subject to management would
represent the smallest of the sources (Fig. lOc). The
load associated with the Seneca River inUow would be
the single largest manageable input. The load carried
by the irregularly operating Metro bypass is estimated
to approach that associated with dlefullytreatedMetro
effiuent. IfIoadingr~uctions beyond those associated
with the phase III Metro effiuent P limit are found to be
necessary to reach related water quality goals for the
lake, the richest targets appear to be the Seneca River
inftow(e.g., eliminate), the Metro bypass (e.g., P treat-
ment), and the Metro efUuent (e.g., diversion).

It is doubaul that critical environmenlalconditions.
particularly related to natural variations in hydrologic
inputs. were adequately accommodated in the analysis.
The model adopted in the TMDL analysis was inap-
propriate because it could not accommodate the array
of factors and processes identified here as important.
The short-comings in the P TMDL analysis resulted in
understatement of the present role of the Metro
discharge(s) in regulating summertime epilimnetic P
concentrations and related features of water quality.
and the overstatement of me importance of tributary
contributions. The goal for non-point loading re-
ductions incorporated in the TMDL analysis is almost
certainly not feasible. Further. reductions in sediment
and associated P loading that may result from erosion
control in rural areas, identified as a potential target in
the analysis, should not be expected to substantially
reduce effective P loading because of the low bio-
availabUity and high setding velocity of this material.
The time averaging feature (twelve month rolling
average) adopted in the permit for the TP loads and
concentrations in the Metro effiuent is inconsistent
widt the response time of the lake and is not protective
of important summertime conditions in dte lake.

Conclusions
Based on the limitations identified here, the exUting

P TMDL analysis for Onondaga Lake cannot be
considered a reliable basis to guide rehabilitation of
Onondaga Lake's extreme problems associated wid1
cultural eutrophication and to meet the specified num-
eric goal. Specifically, the TMDL analysis did not
accommodate important system-specific character-
istics, such as: (1) the substantial P load from the
Seneca River, (2) the seasonal plunging of tributaries
in the lake, (3) the different bioavailabilities of
particulate P in the various sources, (4) the different
settling velocities of particulate P from these sources,
(5) the need to correct TP laboratory analyses on
samples from these aibutaries for turbidity effects,
and (6) the implications of the high flushing rate of the
lake for relative seasonal impacts of extemalloads.

Recommendations

An upgraded P TMDL analysis for Onondaga
Lake is required thatwill provide a credible quantitative
basis to develop a management plan( s) that will lead to
meeting the applicable numeric goal and related
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Referencesfeatures of water quality. Key components of this up-
grade should include: (1) th~ development, testing,
and application of an appropriate mechanistic model
that can accommodate the phenomena/processes
iden tified here, as well as represent P cycling within the
water column, (2) the conduct of a number of specialty
studies to quantify these, and other important, pro-
cesses in the model, (3) representative monitoring of
the water column of the lake, all significant inputs, and
other environmental forcing conditions, to quantify
state variables and other model inputs, (4) a re-
~valuation by managers, supported by the above efforts,
of the richness of the various potential targ~ts to
reduce or eliminate P loads, and (5) application of the
model and supporting information to identify feasible
management alternatives to meet the applicable
numeric goal.

A number of process studies need to be conducted
to more completely specify processes identified here
as important, including: (1 ) determination of the magni-
tude and seasonality of the inflow of Seneca River into
die lake, for a range of runoff conditions, (2) deter-
mination of die magnitude and seasonality of the
plunging underflow phenomenon on a tributary-
specific basis for a range of runoff con~tions, (3)
evaluation of the fate of P that enters via a plunging
inflow(s), (4) quantification of depositional losses and
settling velocities ofPP in the lake, according to particle
classes, and (5) specification of the bioavailability of all
existing and future significant P sources, on a seasonal
basis, for a range of runoff conditions. Uncertainty in
prevailing loading estimates needs to be reduced and
variability characteristics need to be better defined, for
the tributaries, die Metro bypass, CSOs, and die inflow
from the river. FUrther, the magnitude of internal
loading from sediment releases during winter should
be assessed and integrated into th~ upgraded TMDL

analysis.
Equipped with die information presented here, an

upgraded model, and improved proc~sses and
monitoring information, manag~rs should reconsider
die strategies manifested in the existing TMDL analysis.
The previously omitted inflow from the riv~r could,
according to die existing plan, r~present the larg~st
manageable source ofP, and could be responsibl~ for
not m~~ting th~ water quality goal. Elimination of this
inflow, and th~ associated stratified flow regime
imparted to downstr~am portions of the river (Emer
~t aI. 1997), would also eliminate r~lated water quality
problems in the riv~r(Canal~ et al.1995). Ify~t further
reductions in external P loading are found to be nec-
essary, managers should consider attainable decreases
in loading from di~ Metro by-pass and non--point
sources,and ifnecessary, diversion ofth~ Metro effluent
to the river.
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